There is increasing appreciation of the important role of B cells in many autoimmune diseases and consequently, increasing interest in treating these disorders through B cell-depletion therapy with rituximab, an anti-CD20 monoclonal antibody. Yet, precisely how this and related drugs exert their therapeutic effects remains controversial. In particular, it is unclear how, in a number of contexts, rituximab can greatly reduce the titer of serum autoantibodies without substantially altering the overall antibody titer. We have studied the action of this drug in the K/BxN mouse model of inflammatory arthritis after first crossing in a human CD20 transgene. Rituximab treatment of these mice led to a decrease in the titer of serum antibodies targeting glucose-6-phosphate isomerase, the relevant autoantigen, but not in the total antibody titer. Glucose-6-phosphate isomerase-specific plasma cells did not reside primarily in the bone marrow as expected but rather in the spleen and lymph nodes, where they had short lives, expressed CD20, and were rapidly depleted by rituximab. These data support a model whereby autoreactive plasma cells (at least certain specificities thereof) are intrinsically different from protective antimicrobial plasma cells in their differentiation, migration, and survival properties. Rituximab targets the former and spares the latter.
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autoimmunity | B cell depletion therapy | CD20 | plasma cell | autoantibody B lymphocytes are central players in the adaptive immune response, undergoing activation and further differentiation into plasma or memory cells in response to antigen encounter. They are often major drivers of autoimmunity, the autoantibodies (autoAbs) they produce being a feature of many autoimmune diseases, functioning directly or indirectly in disease pathogenesis (1) . The lengthy persistence of autoAbs in autoimmune disorders can be attributed either to the activity of long-lived plasma cells or a continuing generation of short-lived "plasmablasts" which reflects the chronic nature of the immune response (reviewed in refs. 2 and 3). In the New Zealand Black/New Zealand White mouse model of systemic lupus erythematosus, for example, longand short-lived antibody-secreting cells (ASCs) account for about 40% and 60%, respectively, of the autoAbs generated (4) . Besides producing pathogenic autoAbs, B lymphocytes may promote autoimmune disease through one or more of their many other activities (reviewed in ref. 1): antigen presentation, cytokine or chemokine production, facilitation of T cell priming/expansion (5), contribution to the development of secondary lymphoid tissue, etc.
B cell-depletion therapy through rituximab has already been shown to be effective in rheumatoid arthritis, multiple sclerosis, and several other autoimmune diseases (6, 7) . Originally developed for the treatment of B cell lymphomas, rituximab is a chimeric monoclonal antibody (mAb) that binds to human CD20, a B lymphocyte-specific cell-surface marker (8) . However, precisely how the depletion of B cells by this drug is able to dampen autoimmunity remains poorly understood. Interestingly, in several disease contexts, a positive clinical response correlated with a substantial drop in the titer of autoAbs, whereas concentrations of protective antimicrobial Abs did not really change (reviewed in ref. 1) . It is often stated that plasma cells do not express CD20 (1, 2, 9); therefore, it has been generally inferred that rituximab cannot target plasma cells, and instead, it blocks the generation of new ones by depleting B cells. One possible explanation for the differential sensitivity of autoAb and protective-Ab titers lies in the hypothesis that the former is produced by short-lived plasmablasts, whereas the latter is produced by long-lived plasma cells (1) . Alternative possibilities are that autoAb-producing plasma cells may, for some reason, express CD20 and are, thereby, direct targets of rituximab or that B cell depletion may compromise the survival niches of long-lived plasma cells in inflamed tissues (2) .
It has been difficult to decide between the various explanations for rituximab's mechanism of action in human patients given the limited access to relevant organs, the inability to track autoreactive plasma cells, and the unknown identity of the pathogenic antigen(s) in most disease contexts. Here, we model the action of rituximab in K/BxN mice (10, 11) carrying a human CD20 transgene (12) . K/BxN mice are a well-studied model of inflammatory arthritis wherein the roles of B cells and autoAbs are both important and clearly defined. Breakdown of T and B cell tolerance leads to the production of high-titer autoAbs against glucose-6-phosphate isomerase (GPI), which can directly induce joint pathology. We show that serum titers of anti-GPI autoAbs, but not of other Abs, decrease substantially after rituximab treatment, recapitulating what often happens in human patients. Autoreactive anti-GPI plasma cells reside largely in the spleen and lymph nodes, are short-lived, express CD20, and are targeted by rituximab. These findings provide an explanation for the potent and specific action of rituximab in certain autoAbdependent autoimmune diseases and provide a scenario whereby rituximab would be particularly effective.
Results
Modeling the Action of Rituximab in K/BxN Mice. It has been reported that mice harboring a human CD20 (hCD20) bacterial artificial chromosome (BAC) transgene express murine and human CD20 in a parallel fashion (12) . Rituximab depletes various B lymphocyte populations in such animals, the degree of loss depending on the particular B cell microenvironment.
To model the effect of rituximab on autoimmunity in K/BxN mice, we crossed hCD20 transgenic onto KRN T cell receptor (TCR) transgenic and B6.H-2 g7 congenic animals. The minimum genetic requirements for development of arthritis in the K/BxN model are the KRN TCR and H-2 g7 MHC loci. Littermates that had both of these elements with or without the hCD20 transgene (designated hCD20/K/g7 and K/g7, respectively) developed fullblown arthritis around 4 weeks of age with the same kinetics and characteristics. hCD20/K/g7 and K/g7 mice were injected i.p. with 1 mg of rituximab weekly beginning at 5-8 weeks of age (i.e., when already arthritic and serum anti-GPI IgG titers have already reached the maximal levels). Ankle thickness and clinical index were monitored, and tail blood samples were collected each week. The serum anti-GPI IgG titer decreased substantially with time after treatment of hCD20/K/g7 mice (on average, 10-fold after 8 weeks), whereas no such change was detected in the K/g7 negative controls treated in parallel (Fig. 1 Upper) . Total IgG levels also did not change in K/g7 mice as expected ( Fig. 1 Lower Left). In hCD20/K/g7 mice, there was an initial drop in total IgG levels. This is not surprising given that the concentration of anti-GPI Abs is so high in such animals (up to 10 mg/ mL) that they constitute the bulk of total serum IgG. As anti-GPI Abs disappeared, their contribution to the total IgG decreased, and eventually, the total IgG levels ceased to change ( Fig. 1 Lower Right).
Despite the decrease in anti-GPI titers in rituximab-injected hCD20/K/g7 mice, these mice did not show any improvement compared with K/g7 negative controls injected in parallel when ankle thickness, clinical index, and joint histology were examined at the end of the treatment. This finding was not really surprising, because the anti-GPI IgG titers in untreated K/g7 mice are so high that we routinely transfer only 100 μl of serum from arthritic mice to induce full-blown disease in healthy recipients. Because the average total blood volume of a 25-g mouse is about 1.8-2.0 mL, this amount would be equivalent to a 20-fold dilution. Therefore, the anti-GPI titers in treated mice are probably not low enough and the decrease is not quick enough to reverse the disease when cartilage erosion has been too extensive to repair.
Localization of the Autoreactive Ab-Secreting Cells. The rapid decrease in anti-GPI IgG, but not total IgG, titers in rituximabtreated hCD20-expressing mice suggested that this drug might specifically affect the generation and/or maintenance of B lineage cells producing autoAbs against GPI but not those producing bulk IgG. To track such cells after drug administration, we first examined their localization. Cells prepared from the bone marrow (BM), spleen (SP), lymph nodes (LNs; only inguinal, axillary, and brachial nodes were collected), peripheral blood (PB), and peritoneal cavity (PEC) of 8-week-old arthritic K/BxN mice were assayed for anti-GPI IgG ASCs by enzyme-linked immunosorbent spot ( Fig. 2A) . Interestingly, the SP and especially, the LNs had by far the highest number of anti-GPI ASCs, whereas the BM, where long-lived plasma cells are known to reside (13, 14) , had very few. Although the ELISPOT assay measures only the percentage of ASCs of the total cells, this pattern of distribution reflects the absolute cell numbers as well given that the total numbers of cells in each organ were not very different. Therefore, plasma cells in the SP and LNs are the major source of anti-GPI autoantibodies, and we focused our further analyses on these cells.
Depletion of GPI-Specific ASCs by Rituximab Treatment. Next, we examined the extent of depletion of B lineage cells by rituximab treatment in this system. Arthritic hCD20/K/g7 and K/g7 mice were treated with rituximab for different periods of time. Residual B cells were quantified by flow cytometry, and the number of ASCs was determined by ELISPOT. There was a moderate, approximately 4-fold on average, reduction in numbers of B cells in both the SP and LNs of hCD20/K/g7 compared with K/g7 mice ( Fig. 2B Left) . A parallel reduction in anti-GPI IgG ASCs was observed for these two organs, and it was more profound, averaging approximately 15-fold ( uximab treatments as short as 1 week in duration provoked substantial cell depletion in hCD20-expressing mice; longer drug administration did not augment the extent of depletion in the SP but proved more effective than the shorter protocols in the LNs. To provide data parallel to those obtained from studies on human patients, we also determined the ratio of CD19 + B cells to CD45 + hematopoietic cells in PB of the same mice. On average, there were 48.9% and 11.1% B cells in rituximabtreated K/g7 mice and hCD20/K/g7 animals, respectively (i.e., an 87% reduction in the latter compared with the near-complete B cell depletion in rituximab-treated humans).
Detection and Characterization of GPI-Specific Plasma Cells. To further characterize anti-GPI ASCs, we performed a flow cytometric analysis. Plasma cells are characterized by expression of CD138 (syndecan-1) and the very high intracellular levels of the Abs that they produce, which can be revealed by staining with labeled cognate antigen. Thus, GPI-specific plasma cells were identified by anti-CD138 cell-surface positivity and intracellular staining with fluorochrome-labeled GPI at a concentration 10 times lower than that used for detecting cell-surface anti-GPI Igs. SPs from arthritic K/BxN and control BxN mice harbored similar populations of polyclonal plasma cells (GPI -CD138 + ) as did the LNs of arthritic K/BxN mice (Fig. 3) . These organs from BxN mice contained few if any GPI-specific plasma cells, whereas K/BxN SP and LNs had two populations: the majority of GPI-positive cells expressed low levels of CD138, and a distinct, smaller population expressed CD138 hi (Fig. 3) . To phenotype the GPI-specific plasma cell populations and in particular, to determine their maturation status, we stained for various cell-surface markers as well as for surface and intracellular Ig (Fig. 4) . For comparison purposes, the analysis inclu- 
Depletion of GPI-Specific Plasma Cells by Rituximab Reflects Their
Expression of CD20 and Short Half-Life. Rituximab treatment resulted in dramatic, preferential reduction of the CD138 lo and CD138 hi populations of GPI-specific plasma cells from hCD20/ K/g7 mice compared with K/g7 negative controls (Fig. 5A) . Weekly treatment beginning at 5-7 weeks of age resulted in dramatic reduction of these two cell types, particularly the CD138 hi population. The polyclonal plasma cell population (GPI -CD138 + ) was also reduced but typically only severalfold, and the difference did not reach statistical significance. Absolute numbers of the various populations calculated from the flow analysis (Fig. 5B) were consistent with the numbers of ASCs measured by ELISPOT (Fig. 2B) .
These results prompted us to question whether or not GPIspecific plasma cells in the SP and LNs might be a direct target of rituximab, previously considered unlikely because plasma cells have generally been thought to be devoid of CD20 (1, 2, 9). hCD20 was clearly detectable on both the CD138 lo and CD138 hi GPI-positive populations in the SP and LNs of untreated hCD20/ K/g7 mice, although the expression levels varied over a broad range and were lower than on B lymphocytes (Fig. 6 ). This unanticipated expression may be related to the relatively immature status of plasmablasts, or it may be a property of the hCD20 BAC transgene. Therefore, we assessed the display of endogenous mouse CD20 on GPI-positive plasma cells in K/BxN vs. BxN mice with a well-characterized biotinylated anti-mouse CD20 antibody (clone 18B12 IgG2b; Biogen). Both of the GPI-positive plasma cell populations in SP and LNs expressed mouse CD20, although the expression levels were about one-third to one-half of that on standard B cells (Fig. 6) . Reductions in the GPI-positive plasma cell populations after rituximab treatment might, in addition, reflect a short half-life coupled with a block in the generation of new plasma cells through ablation of their B cell precursors. We analyzed the turnover rates of SP and LN plasma cell populations from 7-to 8-week-old arthritic K/BxN and control BxN mice by continuous BrdU labeling through its inclusion in the drinking water for different amounts of time (Fig. 7) . Both the CD138 lo and CD138 hi GPI-positive plasma cell populations contained a high proportion of BrdU-labeled cells, the latter having the greatest fraction. The 70-90% of GPIspecific plasma cells labeled by BrdU during just a few days suggested that they have a very fast turnover rate, characteristic of plasmablasts. Interestingly, both populations had much higher percentages of BrdU + cells than did the polyclonal GPI autoAbs from the serum is likely to reflect their ablation: their expression of substantial levels of CD20, which renders them directly targetable by the drug, and their rapid turnover, which means that targeting them and their B lymphocyte precursors stands to have a significant impact on numbers of pathogenic ASCs. We have not assessed the relative importance of these two features in our model's response to rituximab but would like to suggest that the former might be the most important in this context. GPI-specific SP and LN B cells were reduced only about 4-to 5-fold, whereas GPI-specific ASCs were depleted 15-fold; this more impressive reduction almost certainly was a result of direct targeting of the antigen-specific plasmablasts. Importantly, SP and LN plasmablasts were found to be the major anti-GPI ASCs (i.e., the usual dominant population of long-lived, BMresiding antigen-specific plasma cells was not detected).
IgG, being the most abundant serum Ig, has a half-life of 5-9 days in mice and 21-24 days in humans (reviewed in ref. 15 ). The levels of IgG can be maintained over a long period by continuous production of antibody by either short-lived or long-lived plasma cells. Our data showed that most of the anti-GPI IgGs made in these mice are from short-lived plasma cells. When this population is absent after rituximab treatment, the IgG present is presumably made by long-lived plasma cells. This sustained production resulting in prolonged IgG half-life could explain the lack of change in total IgG level. Thus, titers of specific autoantibodies can decline without an overall decrease in serum IgG.
At first glance, the observation that SP and LN anti-GPI plasma cells in the K/BxN model expressed substantial amounts of CD20 seems unexpected. It is frequently said that plasma cells do not display this cell-surface marker at a significant level, at least nothing like B cell levels (1, 2, 9). However, this contention is based mostly on older studies on lymphoma and leukemia cells, B cells activated in vitro, or ex vivo plasma cells primarily of BM origin (16, 17) . More recent studies-cognizant of the clear distinction, for both humans and rodents, between short-lived plasmablasts residing mostly in the secondary lymphoid organs and long-lived plasma cells localized mainly in the BM (13, 14, 18) -have taken a closer look. Indeed, human tonsillar plasma cells were found to express substantial levels of CD20 and proapoptotic molecules (e.g., CD95), whereas BM plasma cells had a much lower level of CD20 but high expression of antiapoptotic molecules (e.g., Bcl-2) (18, 19) . In addition, rituximab treatment of a xenochimeric system (human tonsils grafted into immunocompromised mice) resulted in partial depletion of the human tonsillar plasma cells (19) . These findings are generally consistent with our observations. As for mice, DiLillo et al. (20) reported that both splenic and BM plasma cells expressed CD20 at levels 4-to 5-fold lower than those on B lymphocytes but that these cells resisted anti-CD20 treatment. These results differ from ours, but the discrepancy may be attributable to the use of a very different anti-CD20 reagent and/or to a different means of quantifying plasma cell depletion.
Our data are consistent with a scenario whereby rituximab would be particularly effective in those autoimmune diseases in which autoAbs (i) play some important role in pathogenesis and (ii) are produced primarily by CD20-expressing, short-lived plasmablasts. It has been proposed that autoAbs might be produced preferentially by plasma cells that rapidly turnover, but although such a preference proved to be true of some autoAb specificities, it was by no means a general phenomenon (1, 3). It is not currently known what elements determine if plasma cells of a given specificity populate mostly the short-lived pool in secondary lymphoid organs or the long-lived BM pool, but likely possibilities include the site and levels of autoantigen expression, the form of the autoantigen (i.e., if it is soluble, membrane-bound, or intracellular and how well it can cross-link surface Ig receptors), and the factors that influence the availability of BM plasma cell survival niches (e.g., the age of the animal; reviewed in ref.
3).
Another consideration that is likely to be relevant is whether or not the autoAb response matures into a germinal center reaction or remains an extrafollicular process, which has been recently described for rheumatoid factor in a mouse model of lupus (21) . The fact that GPI-specific plasma cells in the K/BxN arthritis model were essentially absent from the long-lived BM pool probably reflects the facts that GPI is expressed by all cells and also circulates in the blood and that anti-GPI autoAbs are generally of quite high affinity (22) .
Perhaps this information will prove of use in deciding which autoimmune and other disorders are most likely to be responsive to rituximab and similar therapies. There is no currently available method to estimate what fraction of autoAbs derives from short-vs. long-lived plasma cells in a given human-disease context. For the time being, data from animal models might be a good place to start-for example, the finding that as many as 40% of autoAbs in the NZB/NZW lupus model derive from long-lived plasma cells (4) might have foretold rituximab's so far disappointing performance in systemic lupus erythematosus (23, 24) . In the future, it may be possible to develop assays for human long-lived plasma cells, perhaps through small bone-marrow aspirations or by capturing the recently described (18) bloodborne precursors of BM plasma cells as a biomarker. The relative diversity of the autoAb repertoire might also be informative, and long-term affinity maturation favors more homogeneity.
Materials and Methods
Mice. K/BxN animals were generated by crossing KRN TCR transgenic mice on the B6 genetic background with non-obese diabetic mice (10) . hCD20/K/g7 animals were generated by first crossing hCD20 transgenic mice on the B6 background (12) to B6.H-2 g7 congenic mice and then, crossing the offspring with KRN TCR transgenic mice. hCD20/K/g7 mice or K/g7 control mice were injected intraperitoneally with 1 mg of rituximab weekly beginning at 5-8 weeks of age. Ankle thickness and clinical index were monitored, and tail blood samples were collected each week.
ELISA. Serum titers of anti-GPI IgG and total IgG were determined by ELISA. Plates were coated with 5 μg/mL of recombinant mouse GPI and goat anti-mouse IgG(H+L) (Jackson ImmunoResearch Laboratories Inc.), respectively. After incubating with serial dilutions of serum samples, bound antibodies were detected by adding biotinylated goat anti-mouse IgG (subclasses 1+2a+2b+3) Fcγ fragment-specific antibody (Jackson ImmunoResearch Laboratories Inc.) followed by alkaline phosphatase-conjugated streptavidin. The data were fitted by a four-parameter curve using Delta-SOFT 3 (Biometallics, Inc.). Titer is defined as the serum dilution that gave an optical density of 50% maximum (inflection point) of the curve.
Abs and Flow Cytometric Analyses. Rituximab was a gift from Genentech. Commercially obtained mAbs used in these studies included anti-CD138, anti-MHCII, anti-B220, and anti-CD19 (BD Pharmingen). Expression of hCD20 was determined by staining with anti-hCD20 (BD Pharmingen) or by first incubating the cells with a saturating amount of rituximab and then staining with a biotinylated antihuman IgG-Fc Ab (Caltag) followed by fluorochromeconjugated streptavidin. Expression of mouse CD20 was assessed by staining with a biotinylated anti-mouse CD20 mAb clone 18B12, (Marilyn Kehry and Robert Dunn at Biogen Idec).
For detection of GPI-specific plasma cells, dispersed cells (usually from the SP or LNs) were first stained with various surface markers and then fixed in Perm/Fix (BD Pharmingen) and stained in Perm/Wash (BD Pharmingen) with AlexaFluor-647-labeled GPI at 1 μg/mL. For detection of surface and intracellular Ig, cells were stained in Perm/Wash with an anti-Ig kappa mAb (187.1; BD Pharmingen).
Samples were run on a LSR II or a FACSCanto analyzer (BD Biosciences); 1-2 × 10 6 events were collected for each sample. Flow cytometry data were analyzed by FlowJo (Tree Star, Inc.).
ELISPOT Assay for Quantification of GPI-Specific ASCs. MultiScreen IP plates (Millipore) were prewet following the manufacturer's instructions and were coated with recombinant GPI in PBS (10 μg/mL) at 4°C overnight. Plates were washed and blocked with 2% BSA in PBS or cell medium (RPMI-1640, 10% FBS, pencillin, and streptomycin) for 2 h at 37°C. Cells prepared from various organs were plated at multiple cell numbers starting with no more than 10 6
